Purpose The relationship between myocardial blood flow (MBF) and stenosis severity has been determined previously using cyclotron-produced radiotracers such as Rb PET was performed at rest and after dipyridamole vasodilation. MBF, CVR and an index of 'minimal coronary resistance' (MCR) were assessed in each of the three main coronary territories. Results Rest and stress MBF in regions subtended by vessels with less than 50% diameter stenosis was similar to that of the individuals with no risk factors for CAD. As a result, CVR was also similar in the two groups (1.9, interquartile [IQ] range from 1.7 to 2.7 vs. 2.2, IQ range from 2 to 3.4 respectively, p=0.09). CVR successfully differentiated coronary lesions with stenosis severity 70% to 89% from those with 50% to 69% stenosis (1, IQ range from 1 to 1.3 vs. 1.7, IQ range from 1.4 to 2), respectively, p=0.001. In addition, hyperaemic MBF (r 2 =0.74, p<0.001), CVR (r 2 =0.69, p< 0.001) and MCR (r 2 =0.78, p<0.001) measurements were inversely and non-linearly correlated to the percent diameter stenosis on angiography. Conclusion MBF and CVR are inversely and non-linearly correlated to stenosis severity. Quantitative 82 Rb PET can be a clinically useful tool for an accurate functional assessment of CAD.
Rb positron emission tomography (PET) and the percent diameter stenosis as defined by quantitative coronary arteriography. Methods We prospectively evaluated 22 individuals: 15 patients (60±11 years of age) with angiographically documented coronary artery disease (CAD) and seven age-matched (56±9 years) asymptomatic individuals without risk factors for CAD. Dynamic 82 Rb PET was performed at rest and after dipyridamole vasodilation. MBF, CVR and an index of 'minimal coronary resistance' (MCR) were assessed in each of the three main coronary territories. Results Rest and stress MBF in regions subtended by vessels with less than 50% diameter stenosis was similar to that of the individuals with no risk factors for CAD. As a result, CVR was also similar in the two groups (1.9, interquartile [IQ] range from 1.7 to 2.7 vs. 2.2, IQ range from 2 to 3.4 respectively, p=0.09). CVR successfully differentiated coronary lesions with stenosis severity 70% to 89% from those with 50% to 69% stenosis (1, IQ range from 1 to 1.3 vs. 1.7, IQ range from 1.4 to 2), respectively, p=0.001. In addition, hyperaemic MBF (r 2 =0.74, p<0.001), CVR (r 2 =0.69, p< 0.001) and MCR (r 2 =0.78, p<0.001) measurements were inversely and non-linearly correlated to the percent diameter stenosis on angiography. Conclusion MBF and CVR are inversely and non-linearly correlated to stenosis severity. Quantitative Introduction Although stress myocardial perfusion imaging is a sensitive means for diagnosing or ruling out the presence of obstructive coronary artery disease (CAD) in individual patients, it often uncovers only the coronary territory supplied by the most severe stenosis and, thus, under-estimates the extent of anatomic disease. This is because in patients with CAD, the coronary vasodilator reserve (CVR) is often abnormal even in territories supplied by non-critical angiographic stenoses [1, 2] , thereby reducing the heterogeneity of flow between 'normal' and 'abnormal' zones and limiting the ability to delineate the presence of multi-vessel CAD.
Measurements of myocardial blood flow (MBF; in mL min −1 g −1 of myocardium) and CVR may help overcome the limitations of relative perfusion assessments to uncover the presence of multi-vessel CAD. Positron emission tomography (PET) measures MBF and CVR with high precision and reproducibility. The relation of these parameters to coronary stenosis has been validated with the use of 15 O-H 2 O and 13 N-ammonia as perfusion tracers [3] [4] [5] . However, these radiopharmaceuticals are cyclotron products with a very short physical half-life necessitating access to a medical cyclotron. 82 Rb is a generator product and the most widely used radiopharmaceutical to evaluate myocardial perfusion with PET clinically. Although absolute quantification of MBF with 82 Rb is feasible [6] [7] [8] [9] [10] , it is challenging and not widely used in clinical practice. We have developed a simplified [11] and reproducible [12] approach to the quantification of MBF with 82 Rb PET. Our objective was to quantify MBF at rest and during vasodilator stress using 82 Rb PET dynamic imaging in individuals with clinical atherosclerosis and to examine the relationship between blood flow changes and quantitative coronary angiography results across a wide spectrum of severity.
Materials and methods

Study group
We prospectively evaluated 15 patients (seven male, 60± 11 years) with angiographically documented CAD undergoing 82 Rb PET imaging and seven age-matched healthy volunteers with a low likelihood of CAD based on the absence of symptoms and risk factors. Patients with a history of prior coronary artery bypass graft or valvular heart disease were excluded. The study complies with the Declaration of Helsinki, and it was approved by the Institution Review Board of the Brigham and Women's Hospital, Boston, MA, USA; written informed consent was obtained from all individuals who have undergone a PET study for research purposes. Six patients had a previous remote myocardial infarction, based on their clinical history or the presence of pathological Q waves on the resting electrocardiogram (ECG). Infarct-related coronary arteries and those inadequately visualised in coronary angiography were excluded from analysis. In vessels showing multiple stenoses in series, only the most severe stenosis was considered for analysis. All patients were clinically stable between the PET study and the angiographic procedure. The mean time interval between the PET scan and coronary angiography was 22 (±20) days.
PET imaging protocol
All patients were studied using a whole body PET-CT scanner (Discovery ST Lightspeed 16, GE Healthcare, Milwaukee, WI, USA). Patients were studied following an overnight fast and 24-h cessation of all caffeine-or methylxanthine-containing substances. All antinaginal medications were held on the morning of the test. Following a scout CT acquisition (120 kVp, 10 mA) used for proper patient positioning, a CT transmission scan was acquired (140 kVp, 20-30 mA) for subsequent attenuation correction. Beginning with an intravenous bolus administration of 1,480-2,220 MBq of 82 Rb (40-60 mCi), 26 dynamic frames were acquired over 6 min as follows: 18 5-s acquisitions were first performed, followed by six 15-s acquisitions, one 120-s acquisition and, finally, one 60-s acquisition. Immediately after completion of the rest images, a standard intravenous dipyridamole (0.142 mg kg −1 min −1 ) was infused for 4 min. Three minutes after termination of the dipyridamole infusion, a second dose of 1,480-2,220 MBq of 82 Rb was injected, and images were recorded in the same acquisition sequence. A second CT transmission scan (140 kVp, 20-30 mA) was then acquired for attenuation correction of the stress images. The heart rate, systemic blood pressure and 12-lead ECG were recorded at baseline and throughout the infusion of dipyridamole. The rate pressure product was calculated as heart rate multiplied by systolic blood pressure.
Quantification of MBF
The method used for the quantification of regional MBF has been described in detail elsewhere [11] . Left (LV) and right (RV) ventricle input functions were estimated automatically using our generalised factor analysis of dynamic sequences (GFADS) approach. After fitting the timevarying factor model to the dynamic data using a leastsquares objective function, GFADS penalised spatial overlap between factor images while preserving the leastsquares fit and non-negativity constraints on the factors and factor images. Next, GFADS input functions were used in a [12] . Parametric polar maps of regional MBF were then generated using the conventional 17-segment model. The size of each sectorial region of interest was adjusted according to the individual coronary anatomy, e.g. the size of the stenosed vessel, the anatomical location of the stenosis and the dominance as defined on the coronary angiograms. Within each vascular territory, only segments showing reduced 82 Rb concentration on visual inspection of the dipyridamole stress images were used for the assessment of MBF and CVR. The severity of reduction was evaluated using a five-point scoring system (from 0=normal to 4=absent uptake), according to the standard practise at the Department of Nuclear Medicine of Brigham and Women's Hospital. Summed stress (SSS), rest and difference scores (SDS) were calculated in each of the three vascular territories in all patients. A segmental score of at least 1 was taken as a threshold for characterisation of abnormal uptake. In coronary artery territories showing normal 82 Rb uptake on the stress images, all the segments assigned to this territory were used in the analysis. Because MBF at rest is related to the rate-pressure product, an index of cardiac work, resting MBF values were normalised for their respective ratepressure product by dividing the resting blood flow value by the rate-pressure product, multiplied by a linear factor of 10,000 in each individual patient [4] . From the stress and the uncorrected resting MBF measurements, CVR defined as the ratio of hyperaemic to resting MBF was assessed in patients and normal volunteers. In addition and to normalise the hyperaemic response to the coronary perfusion pressure, we estimated the 'minimal coronary resistance' (MCR) by dividing the mean arterial pressure in each patient by the flow value at maximal vasodilation.
The quantification method used in the current study yields reproducible measurements of blood flow, as demonstrated previously in 13 normal volunteers studied twice at an average time interval of 15 days. Flow values at rest and during hyperaemia in each major vascular territory differed randomly between the two measurements by an average of 10% to 15% [13] .
Quantitative coronary angiograpy
Quantitative angiographic analysis was performed by the use of a validated automated edge detection algorithm [14] .
A range of coronary stenoses (from 20% to 100%) involving major coronary arteries was identified from selected images by the use of angiographic projections minimising the degree of vessel overlap. Both the percentage of luminal narrowing and the minimal luminal diameter (MLD) of the stenosed artery along with the adjacent reference segments were measured at the end diastole. Coronary vessels were grouped according to their degree of stenosis: less than 50%, 50% to 69%, 70% to 89% and greater than 90% of the vessel diameter.
Statistical analysis
Data analysis was performed using Stata 9.2 (StataCorp, Texas, USA). With the exception of left ventricular ejection fraction (LVEF) and age, which are expressed as mean± SD, all other continuous variables are presented as median and interquartile (IQ) range. The relationship between stenosis severity and hyperaemic response, CVR and MCR was assessed using mixed-model linear regression and Lowess smoothers (the quoted r 2 values correspond to the former). Mixed models were employed since the values were taken from a maximum of three vessels within the same patients, and so the hierarchical relationship between vessels and patients needed to be accounted for. In the mixed-model analysis, patients were declared as a random effect. Stenosis was also categorised as being less than or greater than 50%, and the hyperaemic response, CVR and MCR values in these vessels were also compared using a mixed model. The presence of risk factors on the outcome variables was also assessed using a mixed model. KruskalWallis analysis was used to compare the MBF, CVR and MCR values with the level of stenosis in a vessel split into one of four categories: less than 50%, 50% to 69%, 70% to 89% and greater than 90%; for further comparison of the individual categories, the Mann-Whitney test was employed. An identical approach was used for comparisons of resting perfusion in the corresponding segments. A twosided probability value of less than 0.05 was used to define statistical significance.
Results
Patient population
The baseline characteristics of the patients are summarised in Table 1 .
Haemodynamic measurements
Comparisons of haemodynamic changes between patients and healthy volunteers and also from rest to dipyridamole stress are shown in Table 2 . There were no significant differences between patients and healthy volunteers in the increase in heart rate from rest to dipyridamole vasodilatation, although the change itself was significant (p=0.001 for patients and 0.018 for healthy volunteers). Similarly, there were no significant differences between the two groups in blood pressure at rest and stress. Accordingly, the rate-pressure product in the patients was similar to that in the healthy volunteers both at baseline and during dipyridamole vasodilatation, but there were both increased compared to baseline in patients and healthy volunteers (p= 0.002 for patients and 0.028 for healthy volunteers). Diastolic blood pressure was similar in both groups at rest and during dipyridamole vasodilatation. Likewise, the mean arterial pressure was similar in both groups at baseline and during dipyridamole vasodilatation.
Relationship between regional MBF and stenosis severity Seven coronary vessels (LAD=3, LCX=3, RCA=1) were excluded from the analysis due to poor visualisation on coronary angiography, of which six were infarct related arteries.
In the 38 vessels that were analysed, coronary lesions were identified in 12 LADs (five proximal, six middle, one distal), 12 LCXs (three proximal, nine distal) and 14 RCAs (three proximal, five middle, six distal). Sixteen arteries had less than 50% stenosis, nine had 50-69% stenosis, six arteries had 70-89% stenosis and seven more than 90% stenosis.
At rest, MBF in regions supplied by vessels with greater than or equal to 70% stenosis (0.9, IQ range 0.8, to 1.1 mL g −1 min −1 ) was comparable to that in regions supplied by vessels with less than 50% stenosis (0.9, IQ range 0.8 to 0.9, mL g −1 min −1 , p=0.9, Table 3 ). Resting blood flow was similar to that in the healthy volunteers (0.9, IQ range 0.8 to 0.9 mL g −1 min −1 , p=0.46).
Dipyridamole-stimulated MBF showed a progressive reduction with increasing stenosis severity (Fig. 1) . In myocardial regions supplied by coronary arteries with less than 50% diameter stenosis, median MBF increased significantly to 1.8 (IQ range 1.7 to 2.2 mL g −1 min ) and those with greater than 90% diameter stenosis (0.7, IQ range 0.6 to 0.8 mL g
). A similar relationship was observed between peak MBF and MLD (Fig. 2) .
Consequently, CVR also showed a similar progressive decline with increasing stenosis severity (Fig. 3) . CVR in regions supplied by vessels with less than 50% diameter stenosis (1.9, IQ range 1.7 to 2.7) was comparable to that in the healthy volunteers (2.2, IQ range 2.0 to 3.4). However, CVR progressively declined in regions supplied by vessels with 50-69% diameter stenosis (1.7, IQ range 1.4 to 2.0), 70-89% (1.0, IQ range 1.0 to 1.3) and those with greater than 90% diameter stenosis (0.8, IQ range 0.7 to 0.9). A similar relationship was observed between CVR and MLD (Fig. 4) .
The relative CVR (a ratio of CVR in the diseased coronary vessel to CVR in a vessel with less than 50% diameter stenosis) was calculated in a sub-group of seven patients with one-or two-vessel disease; an inverse relationship between this parameter and percent diameter stenosis was observed (r 2 =0.65, p<0.001). In addition, the relationship between each vascular territory's SSS (median value=5, IQ range 2 to 11) and SDS (median value=4, IQ range 1 to 8) with percent diameter stenosis was assessed. To relate the hyperaemic blood flow to one of its major determinants, the coronary driving pressure, the mean aortic blood pressure was divided by the hyperaemic blood flow, and an index of the MCR was obtained. Significant correlations were observed between the estimated MCR and percent diameter stenosis (r 2 =0.78, p<0.001, Fig. 5 ), as well as with MLD (r 2 =0.69, p<0.001, Fig. 5 ).
Discussion
82 Rb PET imaging is being increasingly used as an alternative to single-photon emission CT (SPECT) to evaluate selected patients with known or suspected CAD. As with SPECT, however, relative estimates of myocardial perfusion with PET also underestimate the underlying extent of CAD. Because clinically CAD presents as a continuous spectrum of severity rather than a binary (present or absent) condition, it has been suggested that absolute measures of MBF and CVR can offer a unique advantage to PET compared to SPECT for assessing the anatomic extent of CAD. The underlying assumption is that absolute measures of MBF and CVR represent a superior tool to uncover the entire spectrum of CAD severity. Our results demonstrate that absolute measurements of MBF during vasodilator stress and CVR with 82 Rb PET imaging are closely associated with arteriographic measurements of luminal stenosis severity as measured by quantitative coronary angiography. In addition and in agreement with previous studies [3] [4] [5] , we have confirmed that coronary artery stenoses of intermediate severity display differences in haemodynamics that can be detected by absolute measurements of MBF and CVR.
Relationship between angiographic stenosis and MBF According to our results, resting blood flow remains unchanged despite increasingly severe stenosis, in agreement with previous studies [3, 4] . Regarding the hyper- MBF Myocardial blood flow, CVR coronary vasodilator reserve, MCR minimal coronary resistance *All pairwise group comparisons were significant at p<0.03. **All pairwise group comparisons were significant at p<0.02. Fig. 1 Scatter plot of the relation of MBF after dipyridamole and quantitative coronary angiography measurements of percent diameter stenosis Fig. 2 Scatter plot of the relation of MBF after dipyridamole and quantitative coronary angiography measurements of MLD aemic response to dipyridamole, there is an inverse nonlinear relationship between maximal blood flow and percent diameter stenosis that results from a progressive reduction of hyperaemic response as stenosis severity increases. It is interesting to note that a significant decline of stress MBF compared to rest was observed in regions subtended by arteries with stenoses above 90% of the luminal diameter. This is probably due to the development of true myocardial ischaemia resulting from coronary steal that occurred via collateral circulation in four out of seven arteries showing greater than 90% stenosis. A similar but not identical non-linear relationship between the hyperaemic response to dipyridamole and coronary stenosis was observed by Di Carli et al. [4] using 13 Nammonia in 18 patients with CAD. After minimising confounding factors such as collateral circulation or multiple stenoses in series, the investigators reproduced the classic curvilinear perfusion-stenosis relationship first observed in the experimental setting by Gould et al. [15] . Uren et al. [3] also studied the same relationship in 35 patients using 15 O-H 2 O and demonstrated that maximum MBF decreases in a non-linear fashion as stenosis severity increases.
In agreement with these studies, we also observed a progressive attenuation of CVR with a stepwise statistically significant reduction in segments supplied by vessels with stenoses of increasing severity. Our results also agree with an earlier report by Goldstein et al., who studied 41 patients with CAD using either 82 Rb or 13 N-ammonia and demonstrated a strong curvilinear relationship between the relative perfusion reserve (defined as the ratio of hyperaemic to resting perfusion in the stenosis-related region divided by the ratio in a remote region) and percentage of vessel diameter or area stenosis [16] . Extending further these observations in the clinical setting, we found that although most of our patients had risk factors such as diabetes, hypertension or hyperlipidaemia, which are known to affect the CVR [17] [18] [19] , the previously defined non-linear relationship between angiographic stenosis and CVR was maintained.
As in previous studies [3] [4] [5] , we have also shown that both peak MBF and CVR vary significantly among vessels with coronary stenoses of comparable severity. Multiple factors influence the shape and associated scatter of this relationship, including left ventricular haemodynamics, myocardial contractility, age-related changes in MBF, collateral flow not visible on conventional angiography and possibly others [20] [21] [22] [23] [24] [25] . There are also inherent discrepancies between anatomical descriptors and functional behaviour of the human circulation. In contrast to the morphologically ideal coronary stenosis in experimental models of coronary stenosis, human lesions exhibit a great variation in morphology and geometry. Consequently, factors such as shape, length and eccentricity of a lesion, the presence of stenoses in series and even vasospasm are likely to contribute to the variability in the MBF response to the same pharmacological stimulus [26] .
In further agreement with the studies by Uren et al. [3] and Di Carli et al. [4] , we found that the magnitude of scatter around the curve expressing the relationship between MCR and angiographic stenosis was reduced compared to that depicting the relationship between the hyperaemic response or CVR and coronary stenosis, at least for lesions with 20-80% diameter stenosis (Fig. 5) . As with the previous two studies, MCR was used to normalise MBF during dipyridamole vasodilation to the coronary perfusion pressure, and the reduction in data scatter suggests that the latter was an important determinant of these relations. 82 Rb is only partially extracted by the myocardium. After a single capillary pass and active transport across the sarcolemmal membrane, it competes with back diffusion of the tracer from the interstitial to the vascular space. Because the rate of back diffusion is related to MBF, first-pass extraction fraction declines in a non-linear fashion with increasing MBF. This flow dependency of the first-pass extraction fraction makes it difficult to obtain precise measurements, but it can be modelled with our methodology after estimating the LV and RV input functions with GFADS. To validate this approach in a robust way, an experimental study is underway [27] , and preliminary results show very good correlation between 82 Rb PET and micro-spheres (CVR_PET=0.998×CVR_micro-spheres+ 0.057, r 2 =0.839). In the present study, CVR was higher in healthy volunteers (median=2.2) and in vessels with a stenosis less than 50% of the lumen diameter (median=1.9), than in vessels with more severe coronary stenoses (median=1.2). Both MBF and CVR values are within the range that has been previously reported with various tracers and at levels that should be expected in a population sample that includes symptomatic patients with significant CAD and multiple risk factors. More importantly, they are both closely correlated with the degree of epicardial stenoses, a finding that expands previous data with 13 N-ammonia and 15 O-water and confirms the universality of these relationships using different methodologies for assessing MBF and CVR [3] [4] [5] .
Limitations of the study
Beyond the factors related to the methodology used to assess MBF, other parameters also need to be considered as potential limitations of our study. First, the assessment of MBF was not performed in a 'blinded' manner, but our methodology was similar to that used in previous studies with 15 O-H 2 O and 13 N-ammonia [3, 4] . Second, quantitative coronary angiography was chosen to validate the PETbased assessment of CVR instead of other functional methods such as, for instance, intra-coronary Doppler velocity wire-flow reserve or coronary pressure wire measurements. Although a comparison with such parameters could have been ideal for a comparative assessment of functional behaviour of coronary lesions, this was not the aim of our study. Moreover, such measurements are not yet performed routinely in busy clinical centres. Third, we found that myocardial regions subtended by coronary arteries with less than 50% diameter stenosis had a median CVR of 1.9. Although this was not statistically different (p =0.09) from the CVR in our age-matched control population (median=2.2), this lack of difference is likely to be related to the relatively small size of our observation groups. In addition, a higher number of analysed patients might have allowed a better assessment of the functional behaviour of coronary stenoses in patents with single-vessel compared to those with multi-vessel disease. However, our total number of analysed vascular territories (n=38) is similar to that (41 vessels) of Di Carli et al. [4] , who also studied patients both with single-and multi-vessel disease and also similar to that of Goldstein et al. [16] and Uren et al. [3] who studied patients only with single-vessel disease (41 and 35, respectively). A larger group of patients might have also enabled us to assess the value of absolute estimates of stress MBF and CVR for detecting multivessel or main-stem disease that may be missed by the conventional semi-quantitative analysis of the LV radiotracer uptake; this, however, was not the aim of the current study. Finally, to assess the role of 82 Rb in clinical practise, we recruited individuals who were referred for assessment of myocardial perfusion on clinical grounds. Inevitably, all patients had at least one risk factor for CAD, and seven of our patients had at least two. Reduced hyperaemic response and CVR have been reported in asymptomatic individuals with diabetes, hypertension or hyperlipidaemia [17] [18] [19] ; hence, their presence in our patients might have affected our measurements. However, as with previous studies [3] [4] [5] that have included patients with a reduced risk burden compared to ours, we found that a distinction between mild, moderate and severe angiographic stenoses was possible for the majority of vascular territories. Some overlap of CVR values was present, but this has also been observed previously [4] , and it is probably the result of non-idealised conditions in the clinical setting where factors such as severe disease in remote vessels, collateral circulation, serial lesions, diffuse coronary disease and even morphological differences of coronary stenoses are often present and may affect CVR measurements of individual lesions [26] .
Conclusion
Measurements of MBF and CVR by 82 Rb PET are inversely and non-linearly related to stenosis severity as assessed by quantitative coronary angiography. This is in agreement with prior studies performed with 15 O-H 2 O and 13 N-ammonia and indicates that 82 Rb PET can be a clinically useful tool for an accurate functional assessment of CAD.
